Many protein families are common to all cellular organisms, indicating that many genes have ancient origins. Genetic variation is mostly attributed to processes such as mutation, duplication, and rearrangement of ancient modules. Thus it is widely assumed that much of present-day genetic diversity can be traced by common is a significant evolutionary process seems to have been largely ignored.
genetic diversity can be traced by common ancestry to a molecular "big bang." A rarely considered alternative is that proteins may arise continuously de novo. One mechanism of generating different coding sequences is by "overprinting," in which an existing nucleotide sequence is translated de novo in a different reading frame or from noncoding open reading frames. The clearest evidence for overprinting is provided when the original gene function is retained, as in overlapping genes. Analysis of their phylogenies indicates which are the original genes and which are their informationafly novel partners. We report here the phylogenetic relationships of overlapping coding sequences from steroid-related receptor genes and from tymovirus, luteovirus, and lentivirus genomes. For each pair of overlapping coding sequences, one is confined to a single lineage, whereas the other is more widespread. This suggests that the phylogenetically restricted coding sequence arose only in the progenitor of that lineage by translating an out-of-frame sequence to yield the new polypeptide. The production of novel exons by alternative splicing in thyroid receptor and lentivirus genes suggests that introns can be a valuable evolutionary source for overprinting. New genes and their products may drive major evolutionary changes.
is a significant evolutionary process seems to have been largely ignored.
New genes can be generated in two different ways. Polynucleotide molecules can be polymerized, de novo (7, 8) , or they can be generated by the translation of previously unused reading frames of existing coding and noncoding genomic material. The possibility of generating new genes from preexisting nucleotide sequences was first mooted by Grass6 (9), who called it "overprinting," and more recently by Ohno (10) .
New genes or coding regions that arise by overprinting are most readily detected in overlapping genes where the nucleotides providing the new gene already encode a gene whose function has been maintained. The first such overlapping genes were identified in the genome of 4X174 in which some parts of a single nucleotide sequence are translated from two or even three different reading frames, thus giving rise to unrelated polypeptides (11, 12) . Similar overlapping genes whose coding regions are translated in different reading frames or from complementary strands have subsequently been described for many viral and cellular genes. In some cases a sufficient number of related genes have been reported, which allow construction of phylogenetic histories distinguishing the order of appearance within each set of overlapping coding regions. Here we describe several examples of such cases and identify some of the evolutionary implications for de novo origins of coding sequences.
Just as the present universe arrived with a big bang, so too the fossils of the Burgess Shales record the abrupt appearance of a bewildering array of metazoan animals 520 million years ago (1). No qualitatively new structural body plan appears to have arisen since the Cambrian.
The widespread occurrence of related biological macromolecules and biosynthetic pathways that are common to all cellular organisms (2) suggests that there may have been a genetic equivalent of the metazoan explosion. Even genes that are phylogenetically restricted to recent groups of organisms, such as the haptoglobins of mammals, appear to be derived from more ancient genes-namely, serine proteases (3).
The "big bang" paradigm of molecular evolution has been reinforced by x-ray crystallography studies that reveal common structures shared by proteins that no longer share discernible amino acid sequence similarity (4) . In addition, Dorit et al. (5) have suggested that all proteins are derived from a limited set of 1-7000 exons. Thus most present-day molecular diversity is commonly ascribed to factors such as mutation, DNA duplications and rearrangements, exon shuffling, transposition, and alterations to regulatory pathways (see ref. 6 and references therein). The possibility that entire genes or coding domains are created, de (16) (17) (18) (19) , mitochondrial (20) , and nuclear (21) (22) (23) (24) (25) 
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. (23) and rat (24) . The first eight exons are common to both forms, but exon 9 is unique to TRal, whereas exon 10 is unique to TRa2 (Fig. 1) (Fig. 2) . No open reading frame (ORE) related to exon 10 of TRa2 could be detected in the closely related mouse peroxisome proliferator-activated receptor (a sister group) or in the human and rat vitamin D3 receptor genes (the nearest outgroup). In addition, no related ORF could be detected in all other more distantly related receptor genes. TRa2 exon 10 appears to be a phylogenetically restricted gene overlapping ear-l. Therefore, it is unlikely that TRa2 exon 10 has an ancient origin and has been lost subsequently in every lineage except that of ear-l. Exon 10 is only reported for human and rat and is not apparent or is not transcribed in chicken (30) orXenopus laevis (31) . Thus TRa2 exon 10 may have arisen after the divergence of mammals from birds.
Overlapping Viral Genes. Some genes are common to a wide range of viruses. Many viral genes, however, are restricted to particular families or subfamilies. These include a range of overlapping genes that occur in viruses from about 50% of all families, including DNA and RNA viruses of both prokaryotes and eukaryotes (11, 12, (32) (33) (34) (35) (27) . Open boxes, TRa exons 1-10. Exons 9 and 10 are unique to TRal and TRa2, respectively. Black boxes, ear-i exons denoted F for final, F-1 for adjacent to final, and HR2 for homologue of rat exon 2. The arrows show the direction in which the genes are transcribed. All initiation and stop codons are shown except the initiation codon of ear-i (27 (36) (Fig. 3A) . (Fig. 4B) . However, only the luteoviruses contain an overlapping ORF embedded within the coat protein gene. It is unlikely that the coat protein/17K (ORF encoding the Mr 17,000 protein) bifunctional gene arose first and that all other viral (3-barrel coat proteins have subsequently lost the 17K homologue, both in the sister groups (tombusviruses, carmoviruses, and sobemoviruses) and the outgroups (picornaviruses, comoviruses, parvoviruses, and nodaviruses). As the 17K ORF homologue is present in the coat protein of all luteoviruses, it is more likely that the 17K gene arose de novo soon after the luteovirus coat protein gene diverged from those of other viruses.
The Lentivirus OPs. HIV-1 and -2 also have several overlapping OR~s (Fig. 3C) , expressed mostly by alternative splicing (47 tat that overlaps both the rev and env genes in the third reading frame (Fig. 3C ).
The HIV-1 genome also contains an additional gene, vpu, that overlaps the env gene but is not present in HIV-2 ( Fig.  3C; ref. 42) . Similarly, vpx, which overlaps the vif and vpr genes, is found only in the HIV-2 genome (52) . As vpu and vpx are not found in HIV-2 and -1, respectively, or in other retroviruses, then they too probably arose de novo recently.
The rev, tat, vpu, and vpx genes of lentiviruses are all involved in higher order regulatory functions (see refs. 51 and 53). It appears that rev arose de novo in the lentiviruses after divergence from other retrovirus groups. The 3' exon of tat then arose in HIV-1-and -2-related viruses after divergence from visna lentivirus and equine infectious anemia virus. Finally, vpu and vpx appeared after divergence of the type 1 and 2 forms of simian immunodeficiency virus and HIV. It is interesting that, when tested experimentally, vpu and vpx are found to be dispensable, whereas rev is not (54) , because one would anticipate that new genes would be dispensable at first, but would become essential after selection and adaptation.
DISCUSSION
The phylogenetic histories of the TRa2 exon 10 and viral overlapping genes are the strongest evidence for differentiating new and ancient coding regions. Unequal crossingover, slippage, gene conversion, RNA-mediated recombination, transposition, and mutation have contributed to genetic variation of ancient genetic segments: overprinting can generate genetic novelty. The view of genomes as dynamic systems is reinforced by the flexible and complex variations in expression patterns, such as ribosomal frameshifting, read-through of stop codons, ribosomal choice of AUG and non-AUG initiation codons, alternative splicing in number and order of exons, and RNA editing. These mechanisms, which are used for the expression of overlapping coding regions (e.g., ref. 55) , can expose alternative ORFs to selection of novel functions.
If overlapping genes reflect the creation of new coding sequences, then several corollaries follow. (ii) Genes that have arisen by overprinting may be identified by their biased composition. Out-of-frame expression of a gene with strongly biased composition will move a bias in the third codon position into the first or second codon positions of the novel ORF. Thus the gene will have an unusual codon usage and encode new proteins with physicochemically biased properties. For example, those encoded by genes with a preponderance of cytosine in the first position, like the OP gene of the tymoviruses, will tend to be basic, whereas those from genes with an excess of thymine in the second position, like the E gene of 4PX174, will be hydrophobic (11) .
(iii) All nucleotide sequences have redundant ORFs, which are potentially useful coding regions. Alternative splicing may be a common way in which these ORFs are expressed in eukaryotes and their viruses to produce new protein domains. The possibility that splicing changes could generate novel genetic information in eukaryotes was first suggested by Gilbert (56) In organisms that lack significant RNA splicing, the chance occurrence of longer ORFs is enhanced by a range of nucleotide biases. The UA doublet occurs significantly less often in all reading frames of both coding and noncoding sequences in most genomes (59) . UA comprises the first two residues of the stop codons UAA and UAG. Other biases may be more species specific such as the large cytosine content in the third position of tymoviral ORFs. In addition, the codons UUA, UCA, and CUA are rarely used in highly expressed genes of Escherichia coli (60) . These codons are complementary to the stop codons UAA, UGA, and UAG. It has therefore been noted that long, apparently nonfunctional ORFs occur in phase in the complementary strand of E. coli genes (61) .
(iv) New genes may be important in the establishment and distinctive biology of different virus groups. Many overlapping genes correlate precisely with previously defined taxons. For example, the OP gene is present in all tymoviruses but no other viruses. Similarly, the Mr 17,000 protein of luteoviruses strictly correlates with members of that virus group. Thus the appearance of these novel genes may have provided the saltatory step in generating a new virus group.
(v) Cells may contain a pool of "junk" protein domains resulting from the translation of transient novel ORFs or by mutations in redundant gene segments. However, novel coding regions may become established in a population if they confer some advantage to those individuals containing them.
(vi) Some structural similarities could reflect evolutionary convergence. During evolution, proteins seem to retain their three-dimensional structural similarity much longer than the similarity of their amino acid sequences (4) . Thus structural similarity is thought to be evidence of a common origin, even for proteins that show no sequence similarity. However, identical pentapeptide sequences can participate in either a-helices or ,(-strands (62) , so some structural features may be analogous to the "universal attractors" of chaos theory (63) . This idea could be tested by determining whether unequivocally new proteins from overlapping genes contain any of the characteristic structural folds or motifs of ancient proteins.
Thus we conclude that, in general terms, it is likely that organisms have two classes of genes: (i) ancient "housekeeping" genes, most of which predate the divergence of prokaryotes and eukaryotes (e.g., those encoding rRNAs, tRNAs, glycolytic enzymes, ribosomal proteins, and nucleotide biosynthetic enzymes) and (ii) younger new genes that are phylogenetically restricted and encode proteins that have diverse functions specialized to the current life-style of the organism in which they are found.
We predict that many of the novel genes have arisen by overprinting. Their formation is probably episodic and may contribute to the type of evolutionary pattern called "punctuated equilibria" (64) .
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